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BAasics OF MOM4

The purpose of this part of the MOM4 Guide is to familiarize the reader with
the basics of MOM4. There are two chapters, with the first providing an overview
of MOM4 and its relation to other versions of MOM. The second chapter provides
details of the computational aspects of MOM4. This part of the book should satisfy
those readers most interested in a quick overview and summary of MOM.
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The Modular Ocean Model (MOM) is a numerical representation of the ocean’s
hydrostatic primitive equations. It is designed primarily as a tool for studying the
ocean climate system. The purpose of this chapter is to introduce the Modular
Ocean Model (MOM) and to provide an overview of this document. Information
about how to download and run MOM4 can be found at
http:/ /nomads.gfdl.noaa.gov /.
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1.1 What is MOM?

The Modular Ocean Model (MOM) is a numerical representation of the ocean’s
hydrostatic primitive equations. It is designed primarily as a tool for studying the
ocean climate system. The model is developed and supported by researchers at
NOAA’s Geophysical Fluid Dynamics Laboratory (GFDL), with contributions also
provided by researchers worldwide. The model is freely available via
www.gfdl.noaa.gov/~fms

MOM evolved from numerical ocean models developed in the 1960’s-1980’s by

Kirk Bryan and Mike Cox at GFDL. Most notably, the first internationally released
and supported primitive equation ocean model was developed by Mike Cox (
( ). It cannot be emphasized enough how revolutionary it was in 1984 to freely
release, support, and document code for use in numerical ocean climate modeling.
The Cox-code provided scientists with a powerful tool to investigate basic and ap-
plied questions about the ocean and its interactions with other components of the
climate system. Previously, rational investigations of such questions by most sci-
entists were limited to restrictive idealized models and analytical methods. Quite
simply, the Cox-code started what has today become a right-of-passage for every
high-end numerical model of dynamical earth systems.

Upon the untimely passing of Mike Cox in 1990, Ron Pacanowski, Keith Dixon,

and Tony Rosati rewrote the Cox code with an eye on new ideas of modular pro-
gramming in Fortran 77. The result was the first version of MOM (
( )). Version 2 of MOM ( ( )) introduced the memory window
idea, which was a generalization of the vertical-longitudinal slab approach used
in the Cox-code and MOM1. Both of these methods were driven by the desires
of modelers to run large experiments on machines with relatively small memories.
The memory window provided enhanced flexibility to incorporate higher order nu-
merics, whereas slabs used in the Cox-code and MOMI1 restricted the numerics to
second order. MOM3 ( ( )) even more fully exploited
the memory window with a substantial number of physics and numerics options.

The Cox-code and each version of MOM came with a manual. Besides describ-
ing the elements of the code, these manuals aimed to provide transparency to the
rationale underlying the model’s numerics. Without such, the model could in many
ways present itself as a black box, thus greatly hindering its utility to the researcher.
This philosophy of documentation saw its most significant realization in the MOM3
Manual, which reaches to 680 pages. The present document is written with this
philosophy in mind, yet allows itself to rely somewhat on details provided in the
previous manuals as well as theoretical discussions given by (2004).

The most recent version of MOM is version 4. The origins of MOM4 date back
to a transition from vector to parallel computers at GFDL, starting near 1999. Other
models successfully made the transition some years earlier (e.g., The Los Alamos
Parallel Ocean Program (POP) and the OCCAM model from Southampton, UK).
New computer architectures generally allow far more memory than previously
available, thus removing many of the reasons for the slabs and memory window
approaches used in earlier versions of MOM. Hence, we concluded that the mem-
ory window should be jettisoned in favor of a straightforward horizontal 2D do-
main decomposition. Thus began the project to redesign MOM for use on parallel
machines.
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1.2 Release of MOMA4.0 October 2003

As may be anticipated, when physical scientists aim to rewrite code based on soft-
ware engineering motivations, more than software issues are addressed. During
the writing of MOM4, numerous algorithmic issues were also addressed, with many
physical parameterizations, dynamical schemes, diagnostics, etc., being rewritten
and/or added. Hence, the naively simple task of rewriting MOM3 into MOM4 has
only now matured, after some five years of undertaking.

MOM4 was released twice to the public as a beta-code during the middle of
2002. A third beta release was held September-October, 2004, with only a few ex-
perienced users participating. Significant input from users throughout the MOM
community has assisted in the development of the code. Such evolution of the code
will clearly continue. Nonetheless, the present architecture and overall structure of
MOM4 appears robust enough that we are soliciting general usage from the ocean
modeling community, without the reservations attendant with a beta-release. That
is, we sanction the present code as a full release of MOM4.0.

1.3 MOM4 documentation

The main goal of this document is to provide the ocean climate modeler with a
guide to Version 4 of the Modular Ocean Model (MOM4). In particular, we address
the needs of the those picking up MOM4 and wishing to use the code and to under-
stand many of the numerical details of the code. There are three other documents
written in tandem with the present document:

e The MOM4 Users” Guide. This web-based document is available from the
MOM4-link at
http:/ /nomads.gfdl.noaa.gov/.
The MOM4 Users” Guide provides details necessary to download the source
code and run the model. Here you will also be able to register as a MOM4-
user.

e FUNDAMENTALS OF OCEAN CLIMATE MODELS by ( ) presents a
theoretical foundation for ocean climate models, with MOM4 as one exam-
ple. It is here that a rationalization of the model equations and algorithms
are presented. This document will remain available on-line until Sometime
during the early part of 2004, at which time it will be published by Princeton
University Press.

e THE MOM3 MANUAL of ( ) provides a thorough
discussion of MOMS3, some of which is relevant for MOMA4.

1.4 Modeling frameworks

As the field of climate modeling grows, and the realism of numerical models im-
proves, the software engineering issues posed by high-end earth system models
increase in complexity. Additionally, the efficient use of rapidly changing computa-
tional platforms requires expertise beyond the traditional model developer. Hence,
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climate modelers have increased their collaboration with each other and with soft-
ware engineers and computational scientists. The aim of such collaborations is an
improved software infrastructure thus reducing the burden on any particular re-
searcher or group.

1.4.1 The GFDL Flexible Modeling System

To assist with the development of MOM4, we have employed much of the code
developed and supported at GFDL for use in all of its numerical models. This Flex-
ible Modeling System (FMS) is the result of many years (starting in force around
1997-1998) of re-thinking, re-structuring, and re-writing the previously disparate
research codes at GFDL. FMS is designed with the goal of producing code that is
simple to use, simple to understand, simple to modify, well documented, and sup-
ported by a sound base of scientists and engineers at GFDL and elsewhere.

In its broadest terms, FMS aims to remove computational barriers (e.g., code
structure and language, standards, scripts, units, I/O, etc.) between codes used
for the study of dynamical geophysical systems. This goal should not be mis-
taken as a call to unify or homogenize algorithms. Instead, it provides a common
software infrastructure inside of which various algorithms (e.g., different vertical
coordinate choices, dynamical cores, and/or physical parameterizations) coexist.
FMS also aims to provide a common superstructure (e.g., coupler, run-scripts, post-
processing) which allow the various models to communicate with one another, and
for the researcher to communicate with the model code and results.

If the broader climate modeling community can realize these rather idealistic,
and nontrivial, goals, then the choice to use a particular model code can be based
on the physical and numerical attributes of the code, instead of restrictions based
on code style or platform issues. The effort spear-headed by NASA’s Earth System
Modeling Framework (ESMF)
http:/ /www.esmf.ucar.edu)
aims for nothing less.

1.4.2 MOM4 within FMS

Participating within GFDL’s FMS allows for MOM4 to use numerous FMS modules.
The following represents a sample.

e time manager: keeps time and sets time dependent flags

e coupler and data_override: used to couple MOM4 to other component models
and/or datasets.

e [/0O: to read and write data

e initial and boundary data: regrids spherical fields to the generally non-spherical
ocean model grid

e grid and topography specification: sets model grid spacing and interpolates
spherical topography to the model grid

e parallelization tools: for passing messages across parallel processors
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e diagnostic manager: to register and send fields to be written to a file for later
analysis

o field manager: for organizing multiple tracers for use especially in biogeo-
chemistry studies.

Being part of FMS greatly frees up those interested in developing physical and
numerical algorithms to focus on just that, instead of also needing to become ex-
perts in computational platforms and various software engineering issues. It also
allows for efficient input from computational scientists and engineers since they
can more readily focus on computational issues. Finally, it allows us in the ocean
modeling community to play a role in establishing common software infrastruc-
tures and coding standards, such as the ESMF efforts mentioned previously.

The FMS infrastructure was first released to the public earl 2002, with further
releases following on a regular basis. Notably, MOM4 represents the first major
model code to be released within FMS. Full documentation of FMS can be found at
www.gfdl.noaa.gov.

It is here that the researcher will find information about how to download and run
MOM4.

1.4.3 MOM4 on the web

MOMA4.0 is released via the GFDL-FMS web site. Originally it was planned that
it would be released via the open source site SourceForge. However, as we wish
to know more about who actually takes the code, it is necessary that we run a
SourceForge-like software locally at GFDL, where all code, documentation, and
bulletin boards are maintained. Note that as we aim to nurture the MOM and FMS
communities, we strongly encourage users to contact developers via one of the
email lists maintained at the FMS web site.

1.5 Some characteristics of MOM4

As with all previous versions of MOM, MOM4 discretizes the ocean’s hydrostatic
primitive equations on a fixed Eulerian grid, with the Arakawa B-grid defining the
horizontal arrangement of model fields. That is, the grid cells live on a lattice fixed
in space-time. Given that MOM4 remains a z-coordinate ocean model, it shares
much with its predecessors. However, there are some notable characteristics that
we highlight in this section.

1.5.1 Streamlining the options

MOMS arguably contains everything but the proverbial kitchen sink. For exam-
ple, when building MOM3, we were uncertain what would be the most suitable
external mode solver for the needs of z-coordinate ocean climate modeling. Hence,
we kept all those ever having been implemented in earlier MOMs. These meth-
ods included the traditional rigid lid streamfunction of (1969), the rigid lid
surface pressure of ( ) and ( ), the implicit free
surface of ( ), and the explicit free surface of
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( ) and ( ). After investigations leading to the

( ) paper, it was concluded that the explicit free surface method is most
suitable since it allows for efficient use of parallel computers while rendering the
model’s algorithms physically and numerically sound and simple. Hence, there is
only one external mode solver in MOM4, and it is a slight variant of the Griffies et
al. method detailed in ( ).

Other examples abound where numerous options were made available in MOM3
for physical parameterization schemes. Quite simply, MOM3 represented the end
of some ten years of research and experience with various approaches used in
MOM. Building up to that point required testing of numerous options prior to de-
ciding which ones to jettison. The advantage of this approach is that it allows for
ready examination of the many permutations and combinations leading to a well
tuned model. The disadvantage is that is leaves the inexperienced modeler with
little guidance since there are so many options.

In the development of MOM4, we attempted a balance between including mul-
tiple options and hard-line decisions about what would be supported and not sup-
ported. We hope that our choices will be suitable for a broad class of ocean climate
researchers.

1.5.2 Eliminating ifdefs

One of the most noticeable change between MOM3 and MOM4 is that MOM4
has no cpp preprocessor options associated with physical parameterizations, com-
monly known as ifdefs. There remains only a single ifdef associated with code op-
timization (Section 2.7). The proliferation of physics ifdefs in MOM3 presented the
user with a complex menagerie of logical structures (e.g., multiple and nested ifdefs)
to wade through in order to reveal the utilized Fortran code. A rough count of the
ifdefs available in MOMS3.1 came to something between 300 and 400 options, with
multiple permutations allowed! Furthermore, cpp pre-processor options cannot be
checked at compile time for typos. Locally, we experienced numerous occasions
where an ifdef was misspelled, yet the model continued to run using an undesired
piece of code. We suspect that other researchers have had similar unfortunate ex-
periences.

We have done a few things to replace ifdefs. Firstly, as mentioned in the previous
subsection, we made decisions to streamline the supported options. Supporting
one instead of five external mode solvers helped tremendously. Additionally, we
aimed to have the code flexible and simple so that researchers wishing to do some-
thing different will find coding their changes to be a trivial task. Hence, we left
out many smaller options that MOMS3 chose to include. Secondly, we introduced
Fortran if-tests in many places where ifdefs formerly lived. Doing so allows for the
Fortran compiler to detect typos, thus enhancing the quality control aspects of the
model.

Finally, where large chunks of physical parameterization code could be isolated,
we made Fortran modules out of the options. For example, if one wishes to use the
KPP vertical mixing scheme, then

/momé/ocean_param/mixing/vert/kpp/ocean_vert_mix_coeff.F90
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should be compiled. If instead, one wishes the constant vertical diffusivity ap-
proach, then

/mom4/ocean_param/mixing/vert/const/ocean_vert_mix_coeff.F90

should be compiled. This approach effectively replaces the selection of major ifdef
options with a pointer within a shell script to a desired module. The downside to
this approach is that some code in the different modules is similar, and so there is
a modest increase in code maintenance. The upside is that it cleans up the logic in
the separate modules.

1.5.3 Key computational characteristics

We summarize here some of the computational characteristics of MOM4.

1.5.3.1 Computational aspects: overview

e As discussed in Section 1.4, the computational framework (i.e., infrastructure
and superstructure) upon which MOM4 is based is that of the GFDL Flexible
Modeling System (FMS).

e All code is Fortran 90.

e There is only a single cpp-preprocessor option (i.e., i fdef) associated with the
static memory option (Section 2.7). Files which use this ifdef must have the
extension .F90, whereas files with no cpp-preprocessor options have a .f90
extension.

e 3D arrays are dimensioned (i, j, k) instead of the slab-like (i, k, j) structure
used in earlier MOMs. Consequently, there is no memory window or slabs. It
is essentially for these reasons, plus the increased elegance of Fortran 90, that
algorithm development and coding is far simpler with MOM4 than earlier
MOMs.

e 2D (latitudinal /longitudinal) horizontal domain decomposition is the model
standard of use on single or multiple parallel processors.

e Multiple tracers are managed using the FMS field manager that organizes tracer
names, fluxes, sources, initializations, restarts, advection schemes, etc. This
manager was written, in particular, to serve the needs of ocean biogeochem-
istry research, as well as for use by atmospheric chemists.

e The FMS diagnostic manager is used to register and send fields to output for
analysis. The diagnostic manager and asociated diagnostic table allows for
the trivial addition of a new field to be added to the suite of model diagnostics
available for an experiment. This manager has been found to be extremely
useful and powerful.

e 1/0 is generally written in NetCDEF. This capability includes files for restarts,
boundary forcing, initialization, topography, grids, sponges, etc. Some native
format capabilities remain, but with less support by GFDL than NetCDEFE.
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1.5.3.2 Computational aspects: derived types

Motivated by the desire to use MOM4 for a broad range of applications, data flow
between the various modules has been streamlined through the use of derived type
structures available in F90. The use of derived types, for instance, eases the devel-
opment of ocean data assimilation systems using mom4, and faciliates generalized
managing of biogeochemical tracers. The 1 and beta2 releases of mom4 used very
few derived types. It is therefore useful to highlight some of their advantages.

User-friendliness - various inputs and outputs to MOM'’s routines are more
clearly defined and protected with the {90 intent attribute.

e Maintainability - algorithmic changes requiring additional variables can be

easily imbedded within the type structures.

Enhanced modularity - fewer dependencies between the modules. This leads to
clarity within the code and easier development.

We provide details of the derived types used in MOM4.0 in Section 2.1.

1.5.4 Key numerical characteristics

Here we summarize some of the numerical aspects of MOM4.

The model uses generalized orthogonal horizontal coordinates, with spheri-
cal curvilinear coordinates a special case. We are supporting the “tripolar”
grid of ( ), as discussed in Chapter 4. Other locally orthogonal
grids should be readily usable with the MOM4 framework. Because of this
added functionality to simulate the Arctic, MOM4 only minimally supports a
polar filtering scheme for tracers.

Bottom topography is represented using the
( ) partial cells. The older “full cell” approach is available via a namelist
in the topography generation pre-processing module.

For the inviscid dynamics, time stepping is with the leap-frog and Robert-
Asselin time filter. The Euler forward or Euler backward “mixing” time step
used in earlier MOMs has been eliminated. The dissipative dynamics (e.g.,
friction and diffusion) remains forward, as required for numerical stability.

As a forward model, MOM4 is compatible with the most recent adjoint com-
piler of Ralf Giering. To fully exploit this compiler for research requires a
license agreement from Giering. See

http:/ /www.fastopt.de/ralf/

for more details.

There are numerous diagnostics for checking code integrity, such as energetic
consistency, tracer conservation, solution stability, etc.

Through FMS, there are a full suite of pre-processing modules available for
setting up idealized or realistic grid specification files, initial conditions, and
boundary conditions.
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1.5.5 Physical aspects

Here we summarize some of the physical aspects of mom4.

e Physical units are MKS.

¢ MOM4 employs the non-Boussinesq approach of ( ). Hence,

the kinematics, dynamics, and physics are based on a mass conserving frame-
work, instead of the traditional volume conserving Boussinesq approach. No-
tably, the non-Boussinesq simulations yield a more accurate prognostic calcu-
lation of the model’s sea level, including the steric effects absent in the Boussi-
nesq models. The volume conserving Boussinesq option remains available
for comparison via a namelist. ( ) presents details and rationale.
For realistic global simulations where a full physical parameterization suite is
used, the non-Boussinesq simulations have been found to be only some 2% to
3% slower.

e The external mode solver is a variant of the ( ) explicit free
surface. Top model grid cells have time dependent volume, thus allowing
for conservative fresh water input. ( ) presents full details and

rationale. There is no rigid-lid option in MOM4.

e Neutral tracer diffusion is implemented according to ( )-
Likewise, Gent-McWilliams ( ( ) ( )
stirring is implemented using the skew-diffusion method of ( )-

Flow dependent diffusivities are dependent on the depth integrated Eady
growth rate and Rossby radius of deformation, as motivated by the ideas of

( ) and ( ). ( ) presents
full details and rationale.

e Two equations of state are available. The most accurate is that described by
( ). In particular, the model’s density is a function of the
local potential temperature, salinity, and pressure. Pressure used for this cal-
culation is the time dependent hydrostatic pressure arising from fluid above
the point of interest, including the atmospheric pressure and pressure within
the ocean free surface (see ( )), and surface pressure is com-
puted using the local surface ocean density, not the constant Boussinesq den-
sity p,. The second equation of state is a linearized equation for use in ideal-
ized Boussinesq models. Here, density is equated to potential density and is
a linear function of potential temperature. Nonlinear and pressure effects are
ignored in the linear equation of state. Chapter 21 details the MOM4 imple-
mentation.

e Vertical mixing schemes include the time-independent depth profile of
( ), the Richardson number dependent scheme of
( ), and the KPP scheme of ( ).

e Horizontal friction schemes include constant and grid dependent viscosity
schemes, as well as the Smagorinsky viscosity scheme implemented accord-
ing to ( ). Laplacian and biharmonic operators are
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available. The anisotropic scheme of ( ) and

(2003) has been implemented for both the Laplacian and biharmonic friction
operators, as has the associated Laplacian viscosity used in the

( ) paper. ( ) presents full details and rationale. Finally, the
methods of ( ) allow for horizontal friction to be computed as a
deviation from an approximate barotropic maximum entropy state (see Chap-
ter 24).

Tracer advection is available using 2nd, 4th, 6th order centered schemes (

( )), and the quicker scheme documented by
( ) as well as ( ). The algorithms for the 4th
and 6th order schemes assume constant grid spacing, thus simplifying their
code though compromising their accuracy on grids with large anisotropies.
MOM4 also provides for two multi-dimensional flux limited schemes ported
from the MIT GCM. These schemes are monotonic and quite efficient.

A sigma diffusion scheme is available, whereby tracers are diffused along
topography, with enhanced diffusion when heavy parcels are above lighter
parcels. This scheme aims to provide an extra diffusive pathway for dense
water to flow off shelves, as well as to add mixing next to the bottom. It

is implemented according to the ideas of ( ) and
( ). Their sigma advection piece has not been
coded, largely due to the recommendations of ( )

who concluded that the diffusive piece was sufficient for many purposes.
Chapter 15 describes the MOM4 implementation.

The overflow scheme of ( ) has been implemented in
MOM4. This scheme has similar, yet complementary, characteristics relative
to the ( ) scheme. Chapter 16 describes the MOM4
implementation of ( )-

Tidal forcing from eight lunar and solar constituents has been incorporated
into the free surface module of MOM4. Chapter 23 describes the implemen-
tation.

An open boundary condition (OBC) has been implemented into MOM4 to
allow the model to be of use for regional studies. Chapter 22 describes the
implementation.

1.6 Reproducing older results using MOM4.0

During the development of MOM4.0, there were significant efforts made to verify
that results generated with older versions of MOM were consistent with the new
code. Numerous bugs were found in such re-engineering exercises. Notably, how-
ever, one should not expect to regenerate exactly the same results due to (1) changes
in operation order, (2) resolving bugs present in older codes, (3) algorithm changes
resulting from increased understanding of the physics, dynamics, and numerics.
Nonetheless, for most cases, the overall qualitative behaviour of the solution should
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remain identical. Indeed, if such is not the case, then please carefully document the
differences and provide input to the developers.

1.7 Planned ocean model development

During the 3-testing phase of the MOM4 development (middle 2002 to late 2003),
many parts of the code have undergone testing whereby outstanding known and
unknown bugs/features have been resolved. As always, even after the [3-testing
phase, we solicit your critical input to help solidify the model’s integrity and func-
tionality. This section outlines plans for future development with mom4 and even
longer term plans for mom5.

1.7.1 General requirements for code to be incorporated to mom4

As stated in Section 1.5.1, we aim to maintain a balance between multiple options
and hard-line decisions about what is and is not supported. If there are notable
omissions or problems that the researcher identifies, then we solicit your input,
both in words and code, to expand the utility and integrity of the code.

Given this invitation for contributions, note that we aim to maintain a sound
sense of modularity whereby added code minimally interacts with other parts of
the code. Notably, any added code must first pass the tests posed by the various
MOM4 test cases described in Section 2.10. Finally, patience with your contribu-
tions is greatly appreciated, as the authors of this guide, who represent the core
MOM developers, are scientists also trying to use MOM4 to address fundamental
ocean climate questions.

1.7.2 Algorithm development at GFDL starting from mom4

Differences within models of the same vertical coordinate can be large, depend-
ing on details of numerics, physics, and forcing. The climate modeling community
needs to clarify these differences and to reduce modeling artefacts based on out-
dated assumptions and methods. Additionally, it is crucial that future model de-
velopment reduce computational barriers between different models, so that model-
ers can easily test different approaches and run different models. That is, it should
be trivial for anyone familiar with one model, regardless the vertical coordinate, to
run any other model.

Although difficult to predict with certainty, it is anticipated that long term MOM
development will focus on a generalized vertical coordinate model with a likely
move to the Arakawa C-grid. The trend towards generalized vertical coordinates,
though motivated theoretically, may be frought with unforeseen practical difficul-
ties tempering the theoretical arguments. Hence, it is necessary to garner the state-
of-the-art within each model framework to gauge progress with the more sophis-
ticated generalized models. This mandate motivates our development with the
z-coordinate MOM4.

Here, we identify some near-term development paths that are being investi-
gated at GFDL, starting from MOM4. They represent steps along the way towards
more generalized time stepping and vertical coordinate capabilities. Much of this
development is inspired by work with the MITgcm.
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e The leap-frog time stepping scheme has been the traditional approach for
time stepping the inviscid dynamics in MOM. Much of the code structure
assumes the leap-frog scheme, and such restricts ones ability to investigate
the utility of alternative approaches. The main problem with the leap-frog
scheme, at least for climate uses, is the inability to construct a discretely exact
conservation principle for tracers (e.g., ( ) and Chapter 7).
This scheme can also exhibit substantial time-domain noise, even when using
the Robert-Asselin filter. Future development aims to remove the fundamen-
tal nature of the three-time level leap-frog scheme in MOM, so to allow testing
of alternative methods.

e MOM has always been discretized using a B-grid. With grid resolution in-
creasing, there are arguably some reasons for using the C-grid. In particular,
the C-grid provides far more flexibility in representing the complex topogra-
phy/geometry of an ocean basin since it allows for flow through single tracer
grid point channels. Work is planned to allow future GFDL models to use
either the B or C grids.

e MOM has always been a z-coordinate model. Recent advances based on the
isomorphism between depth and pressure suggest that minimal changes to
the dynamical kernal are needed to use sigma, eta, or pressure as the vertical
coordinate (e.g., ( ) and ( )). Such work is
planned for future development.

1.7.3 Concerning a committment to model development

Ocean climate models are not conceived one year, to be then publicly released and
supported the next. Instead, they take years of creative passion, with a near infi-
nite amount of obsession to details, from numbers of people. Even to move from
MOMS3 to MOM4, a move that did not involve fundamental numerical or physical
algorithm changes, took roughly four to five years of steady research and develop-
ment.

It is only through patience and persistence that an ocean model is successfully
taken from its initial vision phase, to its prototype phase, and then onto its public
release phase. Furthermore, public release in no way represents the final step. In-
deed, it is perhaps the most difficult step as it exposes the previously insular model
code to the critical eyes of multiple researchers with numerous needs and experi-
ences.

In short, the construction of an ocean model requires a marriage of research with
development, with each phase requiring an unpredictable amount of time to debate
and explore various avenues. Allowing such time requires dedication and support
from funding agencies and managers. In its absence, ocean model development is
handicapped and the integrity of the simulations compromised. NOAA and GFDL
have provided dedication and support for long-term research and development in
the past. Continuance is necessary as we embark upon model development projects
into the 21st century thus taking us far beyond MOMA4.
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The purpose of this chapter is to detail some computational aspects of MOM4.0.
It is meant to be a quick-start guide for those wishing minimal conceptual details
but instead wish to start running the model code as quickly as possible.

2.1 Derived types used in MOM4.0

As discussed in Section 1.5.3.2, MOM4.0 makes use of Fortran90 derived type struc-
tures. In particular, the code is organized around several derived types that com-
bine logically related fields. Top-level ocean interfaces accept the following derived

types:

e grid_type - grid locations, distances, metric terms and coriolis factors
e domain_type - local and global indices, mpp_domains flags and domain2d type.
e time_type - timestep counter, initial time, current time and time level indices.

e advective_velocity_type - horizontal and vertical advective velocities for tracers
and momentum.

e velocity_type - horizonal velocity and density weighted velocity for non-boussinesq

calculations.

e tracer_prog_type - tracer concentration, surface and bottom fluxes and tracer
metadata including name and units. These are tracers that evolve via the
tracer equation.

e tracer_diag_type - tracer concentration and tracer metadata including name and
units. These are tracers that are diagnosed and so possess only a single time
level.

o external_mode_type - quantities related to the external mode, including surface
height and height tendency and freesurface forcing.

e density_type - density quantities, including in-situ pressure and non-boussinesq
quantities.

e ocean_data_type - Surface quantities for communication with fms coupler.
e ice_ocean_boundary_type - surface flux quantities returned from the coupler.

Objects that are not contained in derived types include certain fields not associ-
ated with the ocean model as well as certain constants. Time independent objects
not contained in a derived type can be accessed by a module via the “use only”
statement. Time dependent objects are generally passed through subroutine inter-
faces. Maintaining this philosophy has reduced the head-aches associated with FO0
predessor cycles (i.e., self-referential loops).
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2.2 Code organization

We provide here the general flow of mom4.0 where we assume use of the gener-
alaized coupler to drive the model. When using this coupler, the ocean model is
run as one of any number of component models, even when the component mod-
els are null or dummy models. Using the coupler, even for simplified ocean-only
experiments, can be a useful way to familiarize oneself with how to run a coupled
model, and so it is recommended that one use the coupler when feasible. However,
for those cases with idealized boundary conditions, it may be desirable to focus
just on the ocean relevant issues. For this case, the driver ocean_solo.F90 can be
used instead. This module is quite similar to the coupler, but omits some of the
unnecessary calls. Use of ocean_solo.F90 may also be warranted when one has an
alternative coupler to use, such as one arising from the European PRISM effort.

Note that the following list of steps may be a bit out of date due to the introduc-
tion of some added physics modules subsequent to the writing of this document.
Regardless, the general ideas are relevant and should give the reader an overall
sense for the code flow.

Coupler_main (driver)

+initialize fms infrastructure

+initialize component models (atmos/ice/land/ocean)
+initialize flux exchange grid

+begin coupled loop

+
+
+

+

calculate flux from ocean to ice

udpate ice surface for atmospheric fast physics
time-step atmos/ice/land on ‘‘fast’’ physics timestep
and perform boundary layer computations

update
calculate flux between ice/ocean
timestep ocean (update_ocean_model)

‘‘slow’’ ice and land processes (dynamics, transport, mass)

++derive flux quantities for ocean (ocean_sfc_mod:get_ocean_fluxes)

++calculate restoring fluxes or adjustments (ocean_sbc_mod:flux_adjust)

++calculate bottom boundary fluxes
(ocean_bbc_mod:get_ocean_bbc)

++calculate ocean density quantities
(ocean_density_mod:update_ocean_density)

++calculate ocean advection fields
(ocean_advection_velocity_mod:ocean_advection_velocity)

++calculate surface height tendency
(ocean_freesurf_mod:surface_height_tendency)

++calculate vertical mixing coefficients
(ocean_vert_mix_coeff_mod:vertical_mix_coeff)

++calculate thickness weighted tracer source from neutral physics
(ocean_neutral_physics_mod:neutral_physics)
add update vertical diffusion coefficient

++calculate thickness weighted temperature tendency from shortwave
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(ocean_shortwave_pen_mod:sw_source)
++calculate tracer tendency due to sponges
(ocean_sponge_mod:sponge_tracer_source)
++calculate thickness weighted tracer tendency from cross-land mixing
(ocean_xlandmix_mod:xlandmix)
++calculate thickness weighted tracer tendency due to river discharge
(ocean_rivermix_mod:rivermix)
++calculate thickness weighted tracer tendency due to sigma diffusion
(ocean_sigma_diffuse_mod:sigma_diffusion)
++update tracer(ocean_tracer_mod:update_ocean_tracer)
++calculate polarfiltered version of tracers
(polar_filter_tracers_mod:polar_filter_tracers)
++calculate anomalous density using updated tracer
(ocean_density_mod:calc_rho_tilde)
++calculate density-weighted velocity
(for non-boussinesq - ocean_velocity_mod:calc_u_rho)
++calculate acceleration terms handled explicitly in time
(ocean_velocity_mod:ocean_explicit_accel)
++calculate acceleration of top layer due to freesurface
effects(ocean_freesurf_mod:ocean_freesurf_drag)
++calculate frictional terms handled implicitly in time
(ocean_velocity_mod:ocean_implicit_accel)
++calculate forcing for freesurface based on baroclinic field
(ocean_freesurf_mod:ocean_freesurf_forcing)
++calculate acceleration terms handled explicitly in time
(ocean_velocity_mod:ocean_explicit_accel)
++calculate Coriolis term handled implicitly in time
(ocean_velocity_mod:ocean_implicit_coriolis)
++update freesurface (replace vertical mean -
ocean_freesurf_mod:update_ocean_freesurf)
++update velocity
(ocean_velocity_mod:update_ocean_velocity)
++compute energetic diagnostics
(ocean_velocity_mod:energy_analysis)
++compute remaining ocean diagnostics
(ocean_diagnostics_mod:ocean_diagnostics)
++apply robert time filter
++update top-level thickness
++fill boundaries
++perform data assimilation
++return ocean surface properties to coupler
(ocean_sfc_mod:get_ocean_sfc)
+end coupled loop
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2.3 How boundary conditions are handled

A major difference in MOM4 compared with previous releases is the availability
of a coupler for exchanging fluxes with other component models. Atmosphere, ice
and land component models developed at GFDL with interfaces to the coupler are
made available publicly. Within the coupling framework, all fluxes to the ocean are
routed through the ice component model. The fluxes are made available to mom4.0
via the derived type ice_ocean_boundary_type. The boundary field components are as
follows:

Ice_ocean_boundary’sw_flux : Net downward shortwave flux (Watts/m~2)
Ice_ocean_boundary’lw_flux : Net downward longwave flux (Watts/m~2)

Ice_ocean_boundarylfprec : frozen precipitation (kg/m"~2/sec)
Ice_ocean_boundary’lprec : liquid precipitation (kg/m~2/sec)
Ice_ocean_boundaryjcalving : frozen runoff to ocean (kg/m~2/sec)
Ice_ocean_boundary’t_flux : upward sensible heat flux (Watts/m~2)

Ice_ocean_boundary’q_flux : upward specific humidity flux (kg/m~2/sec)
Ice_ocean_bounrary’salt_flux : upward salt flux( kg/m~2/sec)

Ice_ocean_boundary’runoff : liquid runoff to ocean (kg/m~2/sec)
Ice_ocean_boundaryju_flux : zonal momentum flux to ocean (N/m~2)
Ice_ocean_boundary’%v_flux : meridional momentum flux to ocean (N/m"2)
Ice_ocean_boundary’,p : pressure of overlying ice and atmosphere (N/m"2)

In order to use the coupler (coupler/coupler_main.f90), boundaries of the ocean-
atmosphere-ice-land grid cells must be supplied. This information is used to define
an “exchange grid” for conservative exchange of fluxes. The exchange grid rep-
resents the union of the component model grids. Exchange grid information is
calculated prior to running the model. This step involves executing the make_xgrids
command.

At runtime, the atmosphere, ice, land, and/or ocean component models can
be disabled through namelist flags coupler_nml: do_atmos, do_ice, do_land, do_ocean.
The component boundary fields keep their initial values, or may be overridden
with data from a specified NetCDF file. This information is provided through the
data_override_table. For instance, the windstress to the ocean (from the ice model) can
be overridden with data from a climatological file with the following table entry:

"OCN", "u_flux", "taux" , "INPUT/ssmi_tau.nc",-1,-1,-1.e10,.false.,1
"OCN", "v_flux", "tauy" , "INPUT/ssmi_tau.nc",-1,-1,-1.e10,.false.,1

‘‘OCN’’ - identifies the target component model

“‘u_flux’’ - corresponds to the name of the boundary field

‘‘taux’’ - is the name of the field as it exists in the NetCDF data file
¢ “INPUT/ssmi_tau.nc’’ - is the name of the file containing the winds
¢¢-1’’ - not used

‘-1’ - not used

‘‘-1.e10’’ - constant value (-1.e10 is a flag to use the data from the file)
¢¢.false.’’ - data is on the target grid (true) or off-grid(false)
€1.0°’ - scale factor



32 CHAPTER 2. MOM4 QUICKSTART GUIDE

Alternatively, the ocean model can be run in stand-alone mode using the stand-
alone driver (mom4/drivers/ocean_solo.F90). Boundary fields are inserted into
the ice_ocean_boundary field using data_override table entries in an identical fash-
ion to the coupled model. The stand-alone option does not require execution of
make_xgrids and is appropriate for limited domain ocean configurations or more
idealized experiments.

2.4 Grid and topography generation

The grid_spec.nc file is fundamental to the running of a model within FMS. This file
contains information about the horizontal and vertical grid spacings in the model
as well as the land /sea mask. We require this file to subsequently create initial and
boundary conditions for the ocean model experiment. When running a coupled
model, grid_spec.nc also contains information about the exchange grid (as garnered
by running make_xgrids subsequent to generating the grid for the ocean-alone).

There are various options available for generating the ocean grid specification
file. For example, a global grid can be spherical or tripolar, and there are options
available for changing the resolution within regions such as the tropics. The to-
pography mask can be generated from an idealized function, or re-mapped from
another topography file such as from a dataset. All of these options, and more, are
spelled out in the preprocessing directory

src/preprocessing/generate_grids/ocean

The development of a topography file to be used in a particular ocean model
experiment generally requires a great deal of effort. The reason is that it is difficult
to provide an objective specification of the topography on an ocean model grid
which includes all the essential details about straights and throughflows. The case
of Panama is a good example, where an objective specification of a global 4-degree
grid often results in a disconnected North and South America, which clearly is
unacceptable for a realistic simulation of modern ocean circulation. Hence, some
manner of tuning is inevitable.

Topography tuning is as much an art as there comes in ocean modeling, and
it typically requires lots of experience and testing. The sensitivity of the solution
to topography details is also quite dependent on model subgrid-scale parameters,
such as viscosity. One tool that was developed at GFDL for use in organizing hand-
edits to the topography file is the edit_grid module contained in

src/preprocessing/generate_grids/ocean

An ASCII file containing index, depth pairs is prepared. edit_grid makes the
necessary modifications and outputs to a separate grid specification file. Again,
refer to the script and code for this module to garner full details for the usage.

edit_grid ASCII file format

i_index[:i_index2], j_index[:j_index2], depth



2.5. INITIAL CONDITIONS AND BOUNDARY CONDITIONS 33

2.5 Initial conditions and boundary conditions

Initial condition fields can be created in two manners. First, there are various ide-
alized initial conditions (e.g., global constant, zonal averaged Levitus) which can
be created for a particular grid specification file. Second, there are more realistic
initial conditions which are obtained by regridding an analyzed product, such as
that from ( ), onto the model grid. The first capability is provided by
files in

src/preprocessing/mom4_prep/idealized_ic
The regridding capability is provided by code in
src/preprocessing/regrid_3d

Notably, the regrid option can take a dataset that is originally gridded on a spherical
grid and regrid it to either a spherical ocean model grid, or to a tripolar ocean model
grid. Either form of the regridding uses a nearest neighbor approach.

As with initial conditions, it is necessary to setup boundary conditions on the
particular model grid (defined by the grid_spec.nc file) used to run the experiment.
Boundary conditions can be either idealized, with code available in

src/preprocessing/mom4_prep/idealized_ic
or taken from some dataset and regridded to the model grid, as done using files in
src/preprocessing/regrid_2d

The scripts and code are very similar to those used for the initial conditions, and
detailed documentation is provided in the code and scripts.

Note that when running a model using realistic boundary forcing, it is not nec-
essary to perform the regrid_2d step. An alternative is to leave the dataset on its
native grid and perform the regrid each time step of the model run. This is the
procedure for running a coupled model when the atmospheric grid differs from
the ocean. When the data has been regridded prior to running the ocean model, as
may be appropriate for an ocean-only run, then the “ongrid” flag can be set .true. in
the data_override_table, when running with the FMS coupler. Otherwise, the data
can reside on an arbitrary spherical grid which covers the ocean domain, in which
case “ongrid” is set false in the data_override_table.

Interior tracer restoring (or sponges) are generated exactly the same way as ini-
tial conditions, using regrid_3d.pl. An additional NetCDF file containing the damp-
ing timescale for the tracers should be generated as well. This can be accomplished
with an analysis package such as Ferret.

NOTE: missing values (such as land points) should be removed from the datasets before
using the regrid_2d and regrid_3d codes, or data_override. Ferret provides tools for removing
missing values.
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2.6 Managing multiple tracers

The purpose of this section is to describe the way that MOM4 handles tracers. The
capabilities are quite extensive, and have evolved over many years of experience
with biogeochemical simulations in earlier versions of MOM. In particular, there are
numerous means for quality control, whereby errors checks are aimed at assisting
the user when setting up the model for tracer studies.

This section was contributed by Richad.Slater@noaa.gov.

2.6.1 Definitions

This section introduces some definitions to be referred to in the following discus-
sions.

2.6.1.1 Prognostic tracers

Prognostic tracers are those tracers transported in the model via processes such as
advection and diffusion. Prognostic tracers are read in and written out to restart
files at the beginning and end of runs, respectively. There are several fields associ-
ated with each prognostic tracer. Examples are: long name, units, input file, output
file, advection schemes, minimum and maximum values.

2.6.1.2 Diagnostic tracers

Diagnostic tracers are not transported in the model. Instead, they are calculated, or
diagnosed, from local fields. Examples are frazil, in the core code, or chlorophyll
in the ocean prognostic biology package. Diagnostic tracers may be read in and
written out to restart files, but not all diagnostic tracers would do this. Diagnostic
tracers also have several fields associated with them, like the prognostic tracers.

2.6.1.3 Tracer package

A tracer package is a group of related prognostic tracers, which either have inter-
dependencies (such as the components of an ecosystem model), or are logically
related (such as CFC-11 and CFC-12). A tracer package will likely add extra tracers
in some increment greater than one (for instance, the ocmip2_biotic package adds
the following tracers: PO4, DOP (dissolved organic phosphorus), ALK (alkalinity),
O,, and DIC (dissolved inorganic carbon)). Tracer package names must be unique.

A tracer package may also have diagnostic tracers associated with it. It may also
add extra fields to the restart files, as may be necessary to ensure model answers
remain independent of whether a restart has been written or not (i.e., restart repro-
ducibility). The default package required is set for Temperature and Salinity since
these two tracers are always integrated in MOM4.

2.6.1.4 Tracer package instances

A tracer package may have a number of instances. An instance is an increment of
tracers for a given tracer package. Examples are: multiple age tracers (one global,
one northern hemisphere and one southern hemisphere), or a control run for an
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ecosystem model and a nutrient depletion run. Multiple instances save on cod-
ing by reusing code, and save on computation by using a single integration of the
physical model.

Each instance in a tracer package must have a unique name for that package.
The instance name will be appended to each variable name with an underscore
in-between. For example, for an age tracer with a name of global, the resultant
name will be age_global. This is the name that should be used in places such as
the diag table, and it is the name used in restart files. If the instance name consists
of a single underscore (_), then nothing will be appended to the variable names.

If a tracer package contains any variables which are not passive, then that pack-
age may only have one instance.

2.6.1.5 The Tracer Tree

The Tracer Tree is a linked list of fields which contain the state of the definitions of
the tracer packages, prognostic and diagnostic tracers, and some “namelist” infor-
mation for the different tracer packages.

The tracer tree consists of lists and fields. One may think of the tracer tree as a
Unix file system, where lists are like directories and fields are files. A field may con-
tain an array of one of the following types: integer, logical, real or string [character
(len = fm_string len)].

The tracer tree is controlled, internally, via the FMS file field manager.F90
module located in the shared/field manager directory. Externally, it is controlled
via the Field Table.

2.6.1.6 Ocean Tracer Package Manager

The Ocean Tracer Package Manager (TPM) consists of a module ocean_tpm.F90
located in the MOM4 directory ocean_tracers. This file houses the subroutine
calls to perform the various tasks needed to run a tracer package. There are seven
subroutines that do initialization, start of run functions (eg., read extra restart fields
or read namelists), update source terms, do end of iteration calculations, set surface
boundary conditions, set bottom boundary conditions, and end of run functions
(eg., write extra restart information). Whenever tracer packages are added to the
model, ocean_tpm.F90 needs to be changed.

There is one other module which provides support for the ocean TPM. This is
the module ocean_tpm util.F90 located in the MOM4 directory ocean_core. This
module contains pointers to things like the grid and domain variables, as well as
routines to set up tracer packages and prognostic and diagnostic tracers.

2.6.1.7 Field Manager

The field manager resides in field manager.F90 in shared/field manager and
contains routines to manipulate and query the tracer tree. Manipulation may be
done either through subroutine and function calls, or through the reading and pars-
ing of text files.

The field manager also contains routines which handle the Field Table, which
is also used by the atmospheric tracer manager and some other functions, such as
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the cross-land mixing.

2.6.1.8 T_prog and T_diag arrays

After the tracer trees are processed, the relevant information is passed into the
T_prog and T_diag arrays. These are arrays of types prog_tracer_type and diag_tracer_type,
respectively. These types are defined in ocean_types.F90 in the MOM4 directory
ocean_core.

These arrays hold such things as the 3-d values for the tracer field, name, long
name, units, surface tracer flux, bottom tracer flux, etc.

2.6.2 Using tracer packages
This section provides an overview of the steps which the program will take in de-
termining whether a tracer package is to be used, and then what it does to use it.

2.6.2.1 Introduction

To use a particular tracer package, several things need to be done:

1. A module must be created that defines the desired tracers, their sources,
boundary conditions, etc., and this routine placed in the MOM4 directory
ocean_tracers,

2. ocean_tpm mod must be modified to use the module and to call the appropri-
ate init, start, etc. routines,

3. the model must be (re-)compiled,

4. the run script must turn on the desired tracer package(s) via the Field Table,
provide initial and boundary condition files (if needed), select the desired
diagnostics via the Diag Table, and set and “namelist” and control values
(i.e., advection schemes, long name, units) via the Field Table.

The foloowing sections describe the steps that the model takes to run the basic
tracers potential temperature and salinity, as well as an age tracer.

2.6.2.2 Field Table processed

The first thing that is done in the model pertaining to ocean tracers is that the Field
Table is read and processed. A sample field table file is given below for the case
when we are initializing the tracer.

#
# Potential temp and salinity
#

"tracer_packages" "ocean_mod" "required"
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horizontal-advection-scheme = mdfl_sweby
vertical-advection-scheme = mdfl_sweby
file_out=RESTART/ocean_temp_salt.res.nc
/

"prog_tracers","ocean_mod","temp"
file_in = INPUT/INPUT/woa0l_temp_annual_omlp5.nc
init=t

/

"prog_tracers","ocean_mod","salt"
file_in = INPUT/INPUT/woaOl_salt_annual_omlp5.nc
init=t

/

#
# Age tracers
#

"tracer_packages","ocean_mod","ocean_age_tracer"

names = global, nh
horizontal-advection-scheme = mdfl_sweby
vertical-advection-scheme = mdfl_sweby
file_in = INPUT/ocean_age.res.nc
file_out = RESTART/ocean_age.res.nc
min_tracer_1imit=0.0

/

"prog_tracers","ocean_mod","age_global"
init=t

const_init_tracer = t

const_init_value = 0.0

/

"prog_tracers","ocean_mod","age_nh"
init=t

const_init_tracer =t
const_init_value = 0.0

/
"namelists","ocean_mod","ocean_age_tracer/global"
slat = -90.0

nlat = 90.0

wlon = 0.0

elon = 360.0

/
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"namelists","ocean_mod","ocean_age_tracer/nh"

slat = 0.0
nlat = 90.0
wlon = 0.0
elon = 360.0
/

Note that the field table file is divided into blocks. Each block starts with a line
containing three quoted strings, and ends with a line with a slash. The unquoted
slash will end the block wherever it occurs. For clarity, it is good practice to put the
slash on its own line. Comments start with a # in the first column, and blank lines
are ignored.

The second string at the start of the block is the model name. For the ocean
model, it should always be ocean_mod when using the field table. The first string
should be one of the following;:

tracer_package This string will turn on a tracer package and set default values
that will apply to all tracers in the package.

prog_tracers This string will set values for individual, prognostic tracers.
diag_tracers This string will set values for diagnostic tracers.

namelists There are some instances where FORTAN namelists are not appropri-
ate (dynamically allocated arrays, multiple namelists with the same name in
the same file). The tracer tree provides a mechanism to overcome these limi-
tations.

The third string is the name of the element which we want to modify. The other
lines are basically just assignments, where, if the field being assigned is an ar-
ray, one may give a comma-separated list of values (see the names variable in the
ocean_age_tracer tracer_packages block.

The table above will create a tracer tree of the following form:

/ocean_mod/
tracer_packages/
required/
file_out=’RESTART/ocean_temp_salt.res.nc’
vertical-advection-scheme="mdfl_sweby’
horizontal-advection-scheme=’"mdfl_sweby’
ocean_a